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A recent report found that negative ion atmospheric pressure photoionization (Ni-APPI) and
direct analysis in real time (Ni-DART) ionize compounds by electron capture, dissociative
electron capture, proton abstraction, and anion adduction. The authors of this report suggested
that the common ionization of Ni-APPI and Ni-DART demonstrated that these techniques
ionize a wider array of compounds than negative ion atmospheric pressure chemical
ionization (Ni-APCI). Here we show that Ni-APCI, using the atmospheric sample analysis
probe (ASAP) technique, in the absence of solvent vapors, ionizes the same and similar
compounds by the same reported mechanisms. These results are supported by previous
publications, which show that each mechanism is active for Ni-APCI. This work demonstrates
that irrespective of the initial method of ionization, at atmospheric pressure, similar ion/
electron-molecule chemistries prevail. (J Am Soc Mass Spectrom 2009, 20, 1518–1521) © 2009
American Society for Mass SpectrometryRecent papers [1, 2] published in this journalstated that because negative ion (Ni) atmo-spheric pressure photoionization (APPI) and di-
rect analysis in real time (DART) can produce negative
ions by electron capture (EC), dissociative EC, proton
abstraction, and halide attachment, that these methods
obviously ionize a wider array of compounds than Ni
atmospheric pressure chemical ionization (APCI), elec-
trospray ionization (ESI), or even chemical ionization
(CI). The authors provided no supporting evidence for
this statement and attributed the similar results be-
tween Ni-DART and Ni-APPI to a unique ionization in
Ni-DART. The latter statement was recently referenced
[3] as support for a unique ionization mechanism for
DART.
Likely, the reference in these papers [1, 2] to ESI was
meant to be restricted to volatile compounds and the
reference to APCI to the common method of use, which
is introduction of analyte in solvent. It is a common
belief, at least for positive ion mass spectrometry (MS),
that photoionization (PI), especially for low polarity
compounds, is more inclusive than APCI. This assump-
tion is likely the result of comparisons between liquid
introduction APCI and dopant-enhanced liquid intro-
duction APPI [4]. However, the initial reports of atmo-
spheric pressure ionization (API) out of Horning’s
group using vaporization, gas, and liquid introduction
of analyte [5–8]. APCI, [7], and to some extent APPI [9],
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doi:10.1016/j.jasms.2009.04.010are compromised by solvent vapors that suppress ion-
ization of many low polarity compounds [10].
Because solvent vapors, except where intentionally
introduced, were not used with Ni-DART, the compar-
ison with Ni-APCI should also be without solvent
vapors in the ionization region. The atmospheric sam-
ples analysis probe (ASAP) technique introduces ana-
lyte into the API source without solvent, similar to the
DART technique, with ionization initiated by a dis-
charge at atmospheric pressure, as reported by Horning
et al. [6] Here we demonstrate with experiments and
literature references that all of the ionization mecha-
nisms noted above are operative in Ni-APCI. The
ASAP [11] method was used to introduce into the
Ni-APCI source similar or identical compounds used
by Song et al. [1]
Experimental
The following compounds were obtained from Sigma
Aldrich (St. Louis, MO): polyethylene glycol (PEG)
1000, fullerene C60, methylene chloride, and 2,3,6-
trinitrophenol; 2,6-Di-tert-butyl-4-nitrophenol was a
synthetic sample of unknown origin, but 97% purity
was determinedbygas chromatography.Perfluorokerosene-
H (PFK) was obtained from PCR Research (Gainesville,
FL). All samples were introduced on the closed end of
a melting point tube into the Ion Max source of a
LTQ-Orbitrap (ThermoFisher Scientific, San Jose, CA)
mass spectrometer modified using an ASAP-MS probe
(M and M Mass Spec, Wilmington, DE). The sample
was vaporized using the heated nitrogen gas stream
from the Ion Max source’s APCI probe. The tempera-
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250 °C for all samples except C60, in which case 450 °C
was used. Methylene chloride was infused into the
source region through the APCI probe at 25 L/min for
the analysis of PEG 1000. The ion source was set to run
in the negative ion mode using the LTQ Orbitrap set at
30,000 resolution (50% valley definition). The voltage on
the discharge needle of the APCI Ion Max configuration
was set at4000 V. The negative ion tuning parameters
were obtained using the standard method provided by
the manufacturer and were not updated for these
experiments. The instrument was not calibrated for
these experiments but the mass accuracy was checked
to be accurate within 0.1 Da using compounds of
known molecular weight.
Results and Discussion
In a comparison of Ni-APPI and Ni-DART ionization,
the similarity of ions produced by the two methods is
ascribed to a unique mechanism of ionization in DART
[1]. This statement is based on both methods ionizing
compounds by the mechanisms of EC, dissociative EC,
proton abstraction, and halide adduction, and led to the
conclusion that these techniques ionize a wider array of
compounds than Ni-APCI. However, several studies of
Ni-APCI have shown this method to have excellent
sensitivity, especially for compounds with positive elec-
tron affinity (EA) [5, 12, 13]. Early work with APCI was
primarily carried out using gas chromatographic intro-
duction and, thus, the ion source was solvent free
[13–17]. In particular, GC/APMS operated in the nega-
tive ion mode was demonstrated to be a highly sensitive
method for detecting a number of environmentally
important compounds [14, 18]. Femtogram sensitivity
was demonstrated as early as 1990 for 2-aminofluorene
using GC/NiAPCI-MS [12].
Here we use the ASAP method to introduce samples
into an APCI ion source without the necessity for
solvent addition, although solvents can be employed to
modify the ionization process [11, 19]. An example
using negative ionization in which solvent is beneficial
is the introduction of methylene chloride into the ion
source for the purpose of producing ions by chloride
attachment, one of the four mechanisms discussed in
recent papers [1, 2]. Methylene chloride was used to aid
ionization of PEG in the negative ion mode by chloride
adduction, and was reported as evidence of the anion
adduction mechanism for Ni-APPI and Ni-DART [1].
Figure 1 shows the Ni-APCI mass spectrum obtained
when methylene chloride vapors are introduced to the
ionization region through the APCI probe with sample
introduction using the ASAP probe. The major ions
observed are Cl– addition to the PEG oligomers. Thus,
anion adduction is an ionization mechanism that is
observed in Ni-APCI as well as Ni-APPI and Ni-DART.
ASAP-MS without solvent uses nitrogen gas to
purge the ion source. Under nitrogen atmosphere con-
ditions, EC is demonstrated in Ni-APCI with excellentsensitivity in the analysis of C60. Figure 2 shows the
molecular ion region of the Ni-APCI full acquisition
mass spectrum of 20 pg of C60 using the ASAP method
and acquired on an LTQ-Orbitrap. Although, at this
level of sample, there is significant background chemi-
cal noise, the electronic S/N ratio as calculated by the
instrument software for the molecular ion is 100. This
acquisition was achieved by using a generic tune for
negative ions; therefore, likely the sensitivity can be
improved through optimization. Additionally, Figure 2
shows a single acquisition obtained at 30,000 mass
resolution (m/m, 50% valley) in 0.5 s. Using the
method of Song et al. [2] of determining the sensitivity
by the amount of sample consumed to generate the
spectrum, we arrive at a limit of detection (LOD) of 1
pg. Song et al. reported the LOD for C60 with Ni-APPI
to be 0.15 pg, and for Ni-DART, 400 ng produced a S/N
ratio of 100 [1].
The EC mechanism for Ni-APCI is also observed for
2,4,6-trinitrophenol using the ASAP method. For this
compound, a full acquisition spectrum with a S/N  20
was obtained from 500 fg loaded on a melting point
tube. Previous results showing EC and dissociative EC
of isomeric tetrachlorodibenzo-p-dioxins were pre-
sented by Horning et al. [5] and Mitchum et al. [13]
Thus, EC is an active and sensitive mechanism for
producing M. ions from compounds with positive EA
by APCI, but it is not the only mechanism. An alterna-
tive means of M. ion formation when oxygen is
present is O2
. addition to the neutral molecule, M, to
form the intermediate [MO2]
. that can dissociate to
form M. plus O2. [20] This reaction is reversible so that
with high levels of oxygen, the reaction of M. formed
by EC with O2 produces the [MO2]
. Intermediate,
which in turn can fragment by other mechanisms (e.g.,
loss of .OCl from chloronitrobenzene to produce the
Figure 1. Negative ion APCI mass spectrum of PEG 1000 ob-
tained using the ASAP probe method and addition of 25 L/min
of methylene chloride through the APCI probe. Ionization is by
Cl adduction as in Ni-APPI and Ni-DART [1].phenoxide ion) [20]. The latter reactions should be
1520 McEWEN AND LARSEN J Am Soc Mass Spectrom 2009, 20, 1518–1521expected to be more prominent with open air ion
sources.
Singh et al. [21] also previously demonstrated disso-
ciative EC by liquid introduction Ni-APCI. These au-
thors tagged molecules with a pentafluorobenzyl moi-
ety and observed dissociative EC by the loss of the
pentafluorobenzyl radical to give an [M  PFB] ion.
They were able to detect 200 fg of tagged estrone. Song
et al. [1] reported EC and dissociative EC using Ni-
DART with PFK; primarily, dissociative EC was ob-
served using Ni-APPI for this mixture of perfluoroal-
kanes. Figure 3 shows a nearly identical mass spectrum
to that published by Song et al. [1] but obtained using
the ASAP method instead of Ni-DART, thus indicating
that Ni-APCI and Ni-DART are more similar to each
other than to Ni-APPI. The mass spectral differences
between Ni-DART/Ni-APCI and Ni-APPI suggest that
Ni-APPI has a population of more energetic electrons.
These results clearly show dissociative EC to be an
active mechanism with Ni-APCI.
Finally, the proton abstraction mechanism is com-
mon in Ni-APCI. Shen et al. [22] recently demonstrated,
using liquid introduction Ni-APCI, that [M  H] ions
are produced for several cyclic peptides with an LOD of
ca. 3 ng. Proton abstraction negative ion mass spectra
were also obtained with high sensitivity using the
ASAP method with 2,6-dibutyl-4-nitrophenol. A mass
spectrum was obtained at 20 pg with [M  H] being
the only ion observed with an abundance above 10%.
The [M  H] ion from 1 ng of phenol using the ASAP
method indicated similar sensitivity to that reported for
Ni-DART for phenol [1]. The likely mechanism for [M
H] ion formation is ascribed by Song et al. [1] to proton
abstraction by the HO2
 ion for Ni-APPI as well as
possible dissociative EC. In APCI, the hydrogen ab-
Figure 2. Molecular ion region of a 0.5 s acquisition obtained
using the ASAP method by vaporizing 20 pg of C60 placed on a
melting point tube using 450 C nitrogen gas. The predominant
ionization is electron capture in agreement with results obtained
by Ni-APPI and Ni-DART [1].straction reaction was studied by Horning et al. [5] and
proposed to be the conversion of a Bronsted acid (BH)
into its conjugate base (B) by a proton abstraction
reaction. By addition of chloroform into the gas plasma,
they observed abstraction of a proton from certain
compounds by proton abstraction with Cl. The Cl– ion
is formed by dissociative electron capture of chloro-
form. In a subsequent paper, Dzidic et al. [20] proposed
that O2
. was a stronger base than Cl and, thus, able to
abstract protons from a wider array of compounds.
Thus, all four mechanisms of ionization observed in
Ni-APPI and Ni-DART are also observed in Ni-APCI.
Each of the compounds studied produced Ni-APCI
mass spectra almost identical to those published using
DART, but frequently with much improved sensitivity,
probably due to the higher nitrogen gas vaporization
temperature and/or the enclosed source purged with
dry nitrogen used with ASAP. This suggests that, just as
in the positive ion mode, ion/electron molecule reac-
tions dictate the ionization mechanism rather than the
initial method of producing the primary ions. For
example, Horning et al. [5] initially use 63Ni as a
-emitter for API, but later achieved the same results
using discharge ionization [23].
Conclusion
The results presented here, as well as in previous
published reports, demonstrate that EC, dissociative
EC, proton abstraction, and chloride attachment nega-
tive ionization mechanisms are active in Ni-APCI. The
similarities in analyte ionization between negative ion
APPI, DART, and ASAP/APCI are a result of common
ion/electron-molecule processes that occur at atmo-
spheric pressure irrespective of the initial ionization
process. The commonality of the ASAP and DART
Figure 3. The negative ion APCI mass spectrum of perfluoro-
kerosene obtained using the ASAP method showing ionization by
EC and dissociative EC similar to Ni-DART [1].techniques is in agreement with recent publications that
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categories so that not only ASAP and DART, but also
desorption atmospheric pressure chemical ionization
[24], flowing afterglow-atmospheric pressure glow dis-
charge [25], desorption atmospheric pressure photoion-
ization [26], as well as other ambient ionization tech-
niques fall in the category of thermal desorption
(vaporization) with APCI ionization [27, 28]. Differ-
ences in sensitivity observed for the various techniques
are more likely to be attributable to factors that affect
ionization and vaporization as well as ion source and
instrument parameters rather than the primary means
of ionization.
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